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Very high precision measurements of the electron Lande´ g-factor in GaAs are presented using
spin-quantum beat spectroscopy at low excitation densities and temperatures ranging from 2.6 to
300K. In colligation with available data for the temperature dependent effective mass a temperature
dependence of the interband matrix element within a common five level k ·p - theory can model
both parameters consistently. A strong decrease of the interband matrix element with increasing
temperature consistently closes a long lasting gap between experiment and theory and substantially
improves the modeling of both parameters.
PACS numbers: 78.55.Cr,78.47.Cd,78.20.Ci,71.18.+y
The semiempirical k ·p - theory is a universal tool to
calculate the band structure in semiconductors and semi-
conductor heterostructures and is regularly employed in
such different fields as the physics of semiconductor laser
design, the quantum Hall effect, and spintronics. The
part of the theory describing magnetic field related phe-
nomena has been extensively improved since its intro-
duction by Kane [1], Luttinger and Kohn [2] in the mid
fifties. Nowadays, 5- and more band k·p -models are state
of the art and many low temperature experiments have
confirmed the incredible accuracy of k ·p - calculations
[3, 4, 5, 6, 7, 8]. All these experiments support the valid-
ity of k·p - theory whereas a single but central experiment,
which measures the temperature dependence of the elec-
tron Lande´ g-factor in GaAs, shows a strong discrepancy
between experiment and k·p - theory [9].
In this paper we present extremely high precision, tem-
perature dependent measurements of the electron Lande´
g-factor and show that by introducing a temperature de-
pendent interband matrix element yields a consistent ex-
planation for the temperature dependence of the elec-
tron Lande´ g-factor and the effective mass within com-
mon k·p -theory, while keeping full temperature depen-
dence on the very well known interband critical points.
The k·p - theory is a perturbation theory calculating the
electronic band-structure by expansion around a single
point in the Brillouin zone. In direct semiconductors like
GaAs, the high symmetry Γ-point is the natural expan-
sion point. The only input parameters are in this case
the measured band-gaps at k = 0 and the interband ma-
trix elements (P, P ′, P ′′, . . .). The change of the band-
gap energies with the lattice temperature are very well
known for GaAs and the only remaining relevant param-
eter which does not possess a direct experimental access
is the interband matrix element P or the related Kane
energy EP = (2m0/~
2)P 2, respectively [1]. The temper-
ature dependence of P has been assumed to be marginal
since P is inversely proportional to the interatomic dis-
tance a [10] and the well known change of a with tem-
perature T due to anharmonic lattice potential is small.
According to the relation EP ∝ 1/a2 between 0K and
300K EP should change about −0.4% or less [11, 12].
However, this procedure only considers the static change
of 1/a2. With a phenomenological approach of a temper-
ature dependency of EP the experimental data can only
be correctly described by an about 14 times larger, i.e.,
-5.4% decrease of EP from 2.6K to room temperature.
The sample used in the experiment is bulk GaAs
grown by molecular beam epitaxy with a donor concen-
tration of 1.2 · 1015 cm−3. The temperature dependent
electron Lande´ g-factor is measured by spin-quantum-
beat spectroscopy in the following way: The sample
is mounted in Voigt geometry in a split coil supercon-
ducting magnet and excited with circular polarized light
pulses from an 80MHz picosecond laser. The sample
temperature is varied from 2.6K to room temperature,
whereas the excess-energy of the exciting light is about
6meV above the direct band gap for temperatures up
to 80K. At higher temperatures, the contribution of the
excess energy is negligible compared to the thermal en-
ergies present in the sample lattice. The excited carrier
density is 6 ·1015 cm−3. The photoluminescence from the
sample is collected in backward direction. Energy- and
time-resolution are performed by a spectrometer followed
by a synchroscan streak camera. The electron Lande´ g-
factor is deduced from the oscillating time evolution of
the cross circular polarized component of the photolu-
minescence via the relation g∗ = ωL~/(µBB), with ωL
being the Larmor precession frequency of the conduction
electron spins, µB Bohr’s magneton, and B the magnetic
field.
Great care has been taken in the time calibration of
the detection system as well as in the correct determina-
tion of the magnetic field present in the superconducting
magnet. Superconducting magnets can often show unap-
parent remanence fields and incorrect field calibrations
which easily influence the experimental data. There-
fore the magnetic field is calibrated with a precise Hall
sensor for all applied fields. The often cited value of
g∗ = −0.44(2) [13] in GaAs applies for donor bound
2electrons, whereas for the free conduction band elec-
trons higher absolute g-factor values are reported [14, 15].
From the data presented here, a very high accuracy ex-
trapolated electron Lande´ g-factor of g∗ = −0.484(3) at
T = 0K, B = 0T, and Pexc. = 0mW is determined.
Figure 1 shows the electron Lande´ g-factor versus sam-
ple temperature. Each value is extrapolated to zero mag-
netic field and zero excitation power from measurements
at different fields [16] and excitation powers at constant
temperature to eliminate any residual effects of those en-
tities on the g-factor. The measurements from 2.6 to
62K are carried out with alternating excitation of left
and right circular polarized light and a small tilt of the
sample against the magnetic field. This technique enables
us to monitor and subtract the influence of the effective
nuclear field on the electron Lande´ g-factor measurement
(see Ref. [17] for details). This procedure is especially at
low temperatures much more precise concerning the ab-
solute value of g∗ than compared with other techniques
like e.g. Ref. [18].
Next the experimental results are compared with es-
tablished 5-level k·p - theory [19]. Cardona was the first to
suggest a 5-level approach based on the wavefunction ex-
pansion of the isoelectric group IV counterpart [4]. How-
ever, the central 5-level k ·p - result for g∗ and m∗ used
in this work was put forward by Hermann et al. [8] with
P and P ′ as free parameters:
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Here, g0 = 2.0023 is the free electron Lande´ g-factor, m0
the free electron mass, and E(Γv7,Γ
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energies of the band extrema at the center of the Brillouin
zone. The correction ∆gso due to the spin orbit coupling
∆¯ = −50meV [20] between the valence and higher con-
duction band has a significantly strong contribution to
the electron Lande´ g-factor [6, 21] and is given by:
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Further corrections by ∆¯ to the terms linear in EP,P ′ in
Eqs. 1 and 2 change g∗ below 0.1% and are neglected.
The corresponding correction for the effective mass ∆mso
is included in the calculation as well, but has a much
smaller effect on the calculation of m∗ than ∆gso has on
g∗. The contributions from higher bands are summarized
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FIG. 1: (Color online) High precision measurement of the
temperature dependence of the electron Lande´ g-factor in
bulk GaAs (filled circles). The red solid line is a fit of the
experimental data by Eq. 1 with a strong temperature de-
pendent interband matrix element. The green dashed line is
the calculated g∗ with EP (T ) depending only on the anhar-
monic lattice expansion. Both calculations contain both the
dilatational and electron-phonon contribution to the change
in the interband critical points according to Eqn. 4 and values
shown in Tab. I.
in the constants C′ = −0.021 and C = −1.878 taken from
Ref. [7].
The spin orbit interaction results mainly from contri-
butions of the atomic species in the material which is in
good approximation temperature independent. The tem-
perature dependence of the band-gap energies E(T ) are
very well known for GaAs by experiment and described
by the semi-phenomenological model introduced by Vin˜a
et al. [22] collecting the electron and phonon dynamics
in one context:
E(T ) = EB − αB
(
1 +
2
eΘ/T − 1
)
. (4)
This model is used for all following calculations, but
nearly identical results are obtained by using the pop-
ular empirical relation by Varshni [23]. The parameters
for the k·p - calculations are listed in Tab. I.
Equation 1 yields the electron Lande´ g-factor at the
conduction band minimum. At finite temperatures, the
known energy dependence of the electron Lande´ g-factor
g∗(E) = g∗ + 6.3 eV−1 · E on the kinetic energy E of
the electrons in GaAs (Ref. [5], Fig. 7) is included by
weighting g∗ with the thermal distribution [24] of the
electrons in the conduction bands:
〈g∗〉 =
∫∞
0
dE g∗(E)D3D(E) e
−E
kBTe∫∞
0
dE D3D(E) e
−E
kBTe
. (5)
The integration starts at the minimum of the conduc-
tion band, D3D(E) = 1/2pi2
(
2m∗/~2
)3/2√
E is the three-
dimensional density of states, kB Boltzmann’s constant,
3TABLE I: Parameters used
EB αB Θ
eV meV K Ref.
E(Γc6 − Γ
v
8) 1.571 eV 57 240
a
E(Γc6 − Γ
v
7) 1.907 eV 58 240
a,b
E(Γc7 − Γ
v
8) 4.563 eV 59 323
a
E(Γc8 − Γ
v
8) 4.718 eV 59 323
c,d
EP 28.9 eV 914 240
e,f
EP ′ 6.1 eV 914 240
e,f,g
afrom Ref. [25].
bThe value for α for the Varshni model in [25] contains a typing
error. It should read α = 5.4 · 10−4 eV/K as seen from the data
presented.
cfrom Ref. [8]. Here αB = 59meV has been added to EB to
account for the Vin˜a model used in this work.
dAssumption that the temperature dependence of the E(Γc8) is the
same as for the E(Γc7) band due to the lack of available data. The
induced error is small, since these values contribute only weakly to
the g-factor correction.
eGiven by the value of g∗ and m∗ at T=0K.
fThe ratio of EP and EP ′ compares to that estimated by Cardona
et al. [4, 21]. Note that EP (T )[[eV]] = (2m0/~
2)(P (
′)[eV m])2(T ).
gAssumption that the temperature dependence of EP is the same
as for the EP ′ . See also
d.
and Te the effective electron temperature. The tempera-
ture dependence of the effective conduction band mass
m∗ has been taken into account in D3D according to
Eq. 2. At lattice temperatures TL below 20K, the effec-
tive electron temperature Te is constant due to the excess
energy of the optical excitation and phase space filling.
At higher lattice temperatures, the electron-phonon cou-
pling is much more efficient and Te is in good approxi-
mation equal to the lattice temperature, and phase space
filling can be neglected for the calculation of 〈g∗〉 due to
the low excitation densities.
The green dashed line in Fig. 1 shows 〈g∗〉 calculated
with Eq. 5 including the weakly temperature dependent
interband matrix element due to the anharmonic lattice
potential alone evincing that the model is in clear dis-
agreement with the measurements. In the next step, ad-
ditionally the same temperature relation for the Kane
energies, i.e., the interband matrix elements is assumed
as for the band-gap energies in Eq. 4 and the linear pre-
factor αB is the only fit parameter, keeping Θ fixed to
240K. The resulting red solid line in Fig. 1 exhibits excel-
lent agreement with the measurement. This fit however
implies that the interband matrix element reduces from
helium to room temperature by as much as -5.4% within
this model and can not be explained by the tiny average
lattice expansion expected from the anharmonic lattice
potential alone.
To substantiate the possibility of a strong temperature
dependence of the interband matrix elements, the exper-
imentally determined temperature dependence of the ef-
fective mass in GaAs is compared with predictions by
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FIG. 2: (Color online) Temperature dependence of the ef-
fective conduction electron mass in bulk GaAs (hollow blue
circles [5], full black circles [26]). The red solid line follows
Eq. 1 with a strong temperature dependent interband matrix.
The green dashed line is calculated with the conventional tem-
perature dependence of EP . Please note the different impact
of EP on g
∗ and m∗ acc. to Eq. 1 and 2.
the same 5-level k ·p -model. Figure 2 shows the tem-
perature dependent effective mass of GaAs measured by
cyclotron resonance [5] and magneto-phonon [26] spec-
troscopy. The data presented from these publications
represent the ’bare’ effective mass at the conduction band
minimum (cf. [27]). The red solid line in Fig. 2 depicts
the calculated temperature dependence of m∗ (Eq. 2) in-
cluding the strong dependency of the interband matrix
elements on the temperature according to Eq. 4. Only
parameters consistently obtained with the g∗-data ac-
cording to Tab. I are employed, i.e., the calculation of
m∗ has no free parameter. Nevertheless the calculation is
in excellent agreement with the experiment, whereas the
discrepancy between conventional k·p - theory and exper-
iment is obvious: The green dashed line in Fig. 2 shows
the same calculation but with the old established tem-
perature dependence of the interband matrix elements.
We want to illustrate a semiclassical possible physi-
cal origin of a stronger temperature dependence of P .
The presence of longitudinal acoustical phonons creates
a locally and temporally varying conduction band en-
ergy leading to electronic states with lowered energy via
the deformation potential distributed over a range of
phonon wavelengths corresponding to the occupancy of
the phonon energies. Similarly, hole states with higher
energies appear in the band structure. Note that the
fraction of the well known band gap shrinkage due to
electron-phonon interaction with elevated temperatures
is treated differently [28, 29]. For phonon wavelengths
longer than the electron scattering length the free con-
duction band electrons are fast compared to the lattice
dynamics and can follow the local, phonon-induced con-
duction band minima adiabatically on small scales. As
a consequence the electrons average preferentially over
4elongated lattice sites and the wavefunction overlap be-
tween conduction and valence band states, i.e., the in-
terband matrix element is reduced. The mean square
relative displacement for all occupied longitudinal acous-
tic phonon branches is easily calculated and yields a re-
duction of EP by -0.4% at 100K and -1.6% at 300K
compared to 0K. This estimated shrinkage is already a
factor of four bigger than the established shrinkage due to
the anharmonicity of the lattice potential. Modeling the
temperature dependence of g∗ andm∗ can be as well pur-
sued by inserting only the dilatational part of the inter-
band critical points instead of taking into account the full
temperature dependence of the interband critical points
and matrix elements. Due to the smaller contribution
of the dilatational part to the interband critical points,
their change is less strong than the full change in the
optical gap and the result is mathematically nearly iden-
tical compared to the approach following Eqns. 1 and 2.
The concept of the effective mass band gap E∗g [30] would
accordingly be extended to the “effective electron Lande´
g-factor band gap” in this work. However, both concepts
cannot be distinguished within the same k·p-description
employed here and the full temperature behavior of the
interband critical points is much more precisely known,
than their change with lattice constant, i.e their pressure
dependence. Nevertheless both effects can yield a contri-
bution at the same time, especially since electron-phonon
interaction has a small but non vanishing contribution
affecting the band curvature [31]. The contemplations
involving the dynamical change in interatomic distances
like those pointed out above for EP should be included in
future analyses to improve on the modeling of the central
quantities of the employed 5-level k·p-model.
In summary, the electron Lande´ g-factor in GaAs has
been determined with very high precision in dependence
on the sample temperature resulting in a free conduction
band g-factor of −0.484(3) at T=0K. The experimen-
tal data on the temperature dependence of g∗ and m∗
have been consistently modeled with a modified k ·p -
formalism. We suggest to include phonon induced lattice
fluctuations similar to the band gap shrinkage of semi-
conductors, which support the experimental findings.
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